Background and objectives Cross-sectional studies have found that low serum bicarbonate is associated with slower gait speed. Whether bicarbonate levels independently predict the development of functional limitation has not been previously studied. Whether bicarbonate was associated with incident persistent lower extremity functional limitation and whether the relationship differed in individuals with and without CKD were assessed in participants in the Health, Aging, and Body Composition study, a prospective study of well functioning older individuals Design, setting, participants, & measurements Functional limitation was defined as difficulty in walking 0.25 miles or up 10 stairs on two consecutive reports 6 months apart in the same activity (stairs or walking). Kidney function was measured using eGFR by the Chronic Kidney Disease Epidemiology Collaboration creatinine equation, and CKD was defined as an eGFR,60 ml/min per 1.73 m 2 . Serum bicarbonate was measured using arterialized venous blood gas. Cox proportional hazards analysis was used to assess the association of bicarbonate (,23, 23-25.9, and $26 mEq/L) with functional limitation. Mixed model linear regression was performed to assess the association of serum bicarbonate on change in gait speed over time.
Introduction
Individuals with CKD are at increased risk for developing functional limitation (1) (2) (3) . One potential mechanism is acidosis, which is a known consequence of CKD. As part of metabolism, the body generates volatile acid, which is excreted as CO 2 in the lungs, and nonvolatile acid, which is excreted by the kidney. Acidosis can produce muscle catabolism, leading to decreased muscle mass and decreased lower extremity strength (4) (5) (6) . In a recent crosssectional analysis of individuals over age 50 years participating in the National Health and Nutrition Examination Survey (NHANES), a low serum bicarbonate level (,23 mEq/L) was associated with slower gait speed and less quadriceps strength (7) . Because slower gait speed is associated with an increased risk for developing disability (8) , lower serum bicarbonate values may increase the risk of developing functional limitation. To our knowledge, this has not been studied prospectively.
We evaluated whether serum bicarbonate values were associated with the development of functional limitation or decline in gait speed over time in older individuals. We also assessed whether the relationship differed in those with and without CKD and whether the addition of bicarbonate to the model attenuated the relationship of CKD with functional limitation, suggesting that acidosis may be a mediator in the relationship of CKD with functional limitation.
Materials and Methods

Participants
The Health, Aging, and Body Composition (Health ABC) Study is a longitudinal study of changes in body composition and their effect on functional status and Due to the number of contributing authors, the affiliations are provided in the Supplemental Material.
development of disability in older individuals. Participants were recruited from Medicare eligibility lists in Pittsburgh, Pennsylvania and Memphis, Tennessee between March of 1997 and July of 1998. Whites were recruited from a random sample of the lists; blacks were recruited from all age-eligible individuals in the regions. Eligibility criteria were age 70-79 years, no difficulty in performing activities of daily living, self-report of no difficulty walking 0.25 miles or up 10 stairs without resting, no report of the need of assistive devices to get around, no history of active treatment for cancer in the prior 3 years, and no plan to move out of the area in the next 3 years. The study was approved by the Institutional Review Boards at the University of Tennessee and the University of Pittsburgh. All participants provided written informed consent. At the year 3 visit, arterialized venous blood gas was obtained for measurement of pH, PCO 2 , and bicarbonate values. Individuals who did not have a measurement of bicarbonate or developed functional limitation before the year 3 visit were excluded.
Outcome
The primary outcome for this analysis is the development of persistent lower extremity functional limitation, which was the primary outcome of the Health ABC Study. Participants were contacted every 6 months and asked whether they had any difficulty or were not able to climb up 10 stairs and whether they had any difficulty or were not able to walk 0.25 miles. Persistent functional limitation was on the basis of two consecutive reports of any difficulty involving the same function (stairs or walking). Severe functional limitation was defined as a lot of difficulty or being unable to climb up 10 stairs or walk 0.25 miles. The time at risk was calculated from the date of the year 3 visit to the date of the first of two reports of disability.
Change in usual gait speed was evaluated as a secondary outcome. Gait speed was measured at annual clinic visits using a 20-m corridor walk. Individuals started from a standing stop and were asked to walk 20 m at their usual pace. Gait speed was calculated in meters walked per second. Gait speed was performed yearly. For this analysis, change in gait speed over years 3-6 of the study was used.
Measurements
To obtain arterialized venous blood gas, a cannula was placed in a hand or wrist vein, and then, the hand was placed in a warmer at 42°C and warmed for a minimum of 15 minutes before blood sampling. Samples were analyzed at the clinic site on the day drawn using an ABL5 Blood Gas Analyzer (Radiometer, Copenhagen, Denmark). The samples were analyzed in triplicate for pH and PCO 2 , and the bicarbonate value was calculated using the Henderson-Hasselbalch equation. The triplicate values were averaged.
Serum creatinine was measured at the University of Vermont on an Ektachem 700 (Eastman Kodak, Rochester, NY) using an isotope dilution mass spectrometry traceable assay. CKD was defined as an eGFR,60 ml/min per 1.73 m 2 using the Chronic Kidney Disease Epidemiology Collaboration equation (9) . Race and smoking status (never, current, or former) were by self-report. Participants were asked to bring in all prescription and nonprescription medications that they had taken in the previous 2 weeks; the medications were recorded by study personnel. Diabetes was defined as self-report of diabetes, use of diabetic medication, or fasting blood glucose $126 mg/dl. At year 2 (clinic visit 1 year before), dietary intake was assessed using a semiquantitative food frequency questionnaire (10) . Net endogenous acid production (NEAP) was estimated using the formula: 54.5 (protein intake/potassium intake)210.2 (11) .
Weight was measured by a standard balance beam scale to the nearest 0.1 kg. Body height was measured to the nearest millimeter using a wall-mounted stadiometer. Body mass index was calculated as weight divided by the square of the height.
Statistical Analyses
Serum bicarbonate was analyzed both as a continuous variable and using clinical categories (,23, 23-25.9, and $26 mEq/L). Characteristics by bicarbonate category were assessed by linear regression with linear contrast for trend for continuous variables. For categorical variables, test of trend was assessed using the Cochran-Armitage test. The association of smoking with bicarbonate category was tested using a chi-squared test. A secondary analysis evaluated pH as ,7.40 versus $7.40.
A survival curve was generated using Kaplan-Meier methodology, and the differences between bicarbonate categories was tested using a log rank test. The association of serum bicarbonate or low pH with lower extremity functional limitation was examined in a series of Cox proportional hazards models using variables that were selected a priori as factors that might confound the relationship of bicarbonate with functional limitation. The models examined bicarbonate alone as well as adjusted for age, race, and sex (model 2); additionally adjusted for CKD (model 3); additionally adjusted for diuretic use, diabetes, smoking, and body mass index (model 4); and additionally adjusted for baseline gait speed (model 5). Individuals were censored for mortality. We examined the interactions of bicarbonate with CKD to assess whether the relationship varied in individuals with and without CKD. The maximum follow-up was 5 years after the year 3 clinic visit.
Changes in gait speed at years 3-6 were analyzed using mixed models with repeated measures using unstructured covariance. SAS V9.3 (SAS Institute, Cary, NC) was used for the analyses. P values ,0.05 were considered statistically significant in all analyses, including interaction terms.
Results
Of 3075 individuals enrolled in the Health ABC Study, 2275 individuals had a serum bicarbonate value measured at the year 3 exam. Of these individuals, 600 individuals were excluded, because they had developed functional limitation before the measurement of serum bicarbonate; 129 individuals were eliminated for missing creatinine values, and another two individuals were eliminated for missing smoking information. This left 1544 individuals for the analysis. The mean age of the study sample was 75.462.8 years; 47.0% were women, and 34.7% were black. Table 2 shows the multivariable analyses for incident functional limitation. The risk was greatest with serum bicarbonate ,23 mEq/L, with Severe functional limitation showed more of a threshold relationship. There were 122 individuals without any functional limitation at baseline who developed severe functional limitation during follow-up. In unadjusted analyses, compared with a bicarbonate value $26 mEq/L, the risk associated with severe functional limitation was two times higher for a bicarbonate level ,23 mEq/L; the risk associated with a bicarbonate level from 23 to 25.9 mEq/L was similar to that with a bicarbonate level $26 mEq/L. Full adjustment attenuated the relationship. With the addition of baseline gait speed, there was a modest attenuation of the HR, but the relationship was no longer statistically significant. CKD predicted severe functional impairment, but there was only modest attenuation with the addition of bicarbonate in the model (HR, 1.50; 95% CI, 1.19 to 1.89) compared with without bicarbonate in model (HR, 1.39; 95% CI, 1.09 to 1.76). There was no interaction of serum bicarbonate and CKD with severe functional limitation (P=0.96). In contrast to the functional limitation results, there was a significant association of lower pH with severe functional limitation in unadjusted and adjusted analyses.
In mixed models, a serum bicarbonate level ,23 mEq/L was associated with lower gait speed in the main effect, but the interaction with time was not significant. This means that the average value was lower for those with lower bicarbonate but that bicarbonate did not predict change in gait speed over time. After controlling for time and other covariates (same as model 4 in the Cox models), the adjusted mean values for gait speed were 1.11 (95% CI, 1.09 to 1.13) for bicarbonate$23 mEq/L versus 1.07 (95% CI, 1.04 to 1.10) for bicarbonate,23 mEq/L (P=0.003).
Discussion
We found that, among community-dwelling older adults without functional limitation at baseline, lower serum bicarbonate levels were associated with the subsequent development of persistent lower extremity functional limitation. The relationship seemed to be linear for the outcome of any functional limitation, whereas for severe functional limitation, there seemed to be a threshold relationship evident at serum levels ,23 mEq/L. We did not find a statistically significant interaction of CKD and bicarbonate, although there was a nonsignificant trend, suggesting a stronger relationship in individuals with CKD. However, there may have been limited power to see an interaction given the relatively small proportion of individuals with CKD. Although individuals with CKD were more likely to have low serum bicarbonate, low bicarbonate values did not seem to explain the higher risk of functional limitation in CKD. Low bicarbonate and CKD were independent predictors, and the inclusion of both variables in the model did not appreciably attenuate the relationship of either variable. The independence of bicarbonate and CKD as risk factors for functional limitation suggests that there are other mediators or confounders of the risk.
Our findings extend the results by Abramowitz et al. (7) . In a cross-sectional analysis, Abramowitz et al. (7) analyzed the association of lower serum bicarbonate with gait speed in individuals over the age of 50 years participating in the NHANES. Individuals with a serum bicarbonate level ,23 mEq/L had a 43% higher odds of having a gait speed in the lowest sex-specific quartile. Similar results were seen in individuals with and without CKD (also mainly stage 3). In the adjusted analyses, we also found that individuals with lower bicarbonate had lower gait speed, but we did not find that bicarbonate predicted change in gait speed over time. This could relate partly to power with small changes over time or the development of physical limitation and other factors, such as fatigue.
It is notable that, in the study by Abramowitz et al. (7), 22.7% of participants had a serum bicarbonate ,23 mEq/L; in contrast, in our analysis, 9.6% of participants had a bicarbonate level ,23 mEq/L. In the NHANES, serum bicarbonate was measured from venous chemistry samples, whereas in our study, it was arterialized venous blood gas. In addition to differences in technique, the bicarbonate values in our study were locally measured rather than measured at a central laboratory. A delay in measuring bicarbonate, which can be seen with measurement at a central laboratory, can produce lower bicarbonate values because of loss of CO 2 (12) . An alternative explanation is that individuals with lower serum bicarbonate levels are more likely to have functional limitation at baseline and were excluded from enrollment in the Health ABC Study.
The mechanism of the low serum bicarbonate association with higher risk of functional limitation may relate to the effect of acidosis on muscle. Acidosis leads to impaired insulin/IGF signaling; this leads to an upregulation of proteolytic pathways in muscle, which produces muscle wasting (5, 13) . The individuals in this study were not severely acidemic, with mean pH values in the normal range. There was not an association of low pH with functional impairment, although there was a relationship for severe functional impairment. This weaker relationship compared with bicarbonate could be because of the relatively narrow range of pH values in this population or the bicarbonate values reflecting increases of acid load or acid retention without frank acidosis.
With aging, there is a decreased ability of the kidneys to excrete an acid load (14, 15) . Low bicarbonate levels might reflect occult tubular dysfunction, leading to hydrogen ion retention (16) , or an increased acid load that is greater than the aging kidney's ability to excrete the load. One potential source of acid load is dietary acid intake. Diets that are higher in fruits and vegetables are more alkalogenic, whereas diets higher in animal protein and phosphorus are more acidogenic. Amodu and Abramowitz (17) analyzed the association of dietary acid intake and serum bicarbonate levels in the NHANES. Higher dietary acid was associated with lower serum bicarbonate levels, and this association was magnified in older individuals. Other studies have found that higher dietary acid load is associated with lower muscle mass (18) , which could be a mediator of the association of acidosis with physical function. Although the food frequency questionnaire information was collected 1 year earlier than venous blood gas, it is notable that individuals with low bicarbonate had a higher estimated dietary acid load (NEAP).
Whether the findings of a more alkalogenic diet with better muscle reflect a healthier lifestyle with confounding factors that explain the relationship or whether acid load is contributing to muscle loss is not clear. In a recent pilot study, Abramowitz et al. (19) gave 20 individuals with CKD and lower serum bicarbonate (20-24 mEq/L) sodium bicarbonate. The study started with a placebo run in and then ramped up doses of bicarbonate every 2 weeks to 1 mEq/kg ideal body wt per day. At 6 weeks, there was improvement in the sit-to-stand time, a measure of physical performance (from 11.7 to 11.0 seconds for a five-repetition sit-to-stand test). Longer time to complete the five-repetition sit-to-stand test predicts the development of disability (20) . This pilot study needs to be confirmed in a randomized study but suggests that the relationship of low bicarbonate with functional limitation might be causal. This would be important, because alkali supplementation or dietary modification would be easy and relatively inexpensive approaches to decreasing disability.
This study has a number of strengths. The Health ABC Study excluded individuals with functional limitation at baseline, and therefore, the development of functional limitation was incident. Furthermore, we were able to use persistent functional limitation so that transient declines in function related to an acute illness could be excluded. Another strength is the use of arterialized blood gas, which allowed measurement of pH and bicarbonate in triplicate, minimizing bias caused by measurement error. This study also has a number of limitations. The majority of individuals with CKD had stage 3a CKD, and the results may not be generalizable to more severe CKD. In addition, many older individuals with CKD have decreased physical function and were excluded from the study, affecting the ability to generalize to all older patients with CKD. We used reported functional limitation rather than a performance test-based definition, although this has been validated in other studies (21) .
In conclusion, low serum bicarbonate was associated with the development of impaired physical function in previously well functioning older individuals. This association was independent of CKD and did not explain the association of CKD with functional limitation. Future studies are needed to determine whether supplementation with alkali or a diet lower in acid generation decreases the risk of functional limitation in individuals with and without CKD.
